Abstract. The aim of this paper is to present a state-of-the-art review of the kinetics of nitrogen removal in constructed wetlands. Biological processes of nitrogen removal from wastewater can be described using equations and kinetic models. Hence, these kinetic models which have been developed and evaluated allow for predicting the removal of nitrogen in treatment wetlands. One of the most important, first order removal model, which is still applied, was analysed and its rate coefficients and factors were compared. This study also demonstrates the validity of Monod and multiple Monod kinetics, commonly seen today. Finally, a computational example of the reaction kinetics of nitrogen removal was also included in the study.
Introduction
Several studies have shown the overall effectiveness of constructed wetlands (CWs) in treating municipal wastewater and in removing nitrogen rather effectively. Nitrogen removal is achieved not only by bacteria, but also by plant uptake, adsorption, where ionized ammonia reacts with the media in subsurface horizontal flow (SSHF) constructed wetlands, and volatilization in surface flow (SF) wetlands, where under high pH values the aquatic ammonium phase transforms to gaseous ammonia [5, 6, 9, 10].
Despite the complexity of all biological processes of nitrogen removal in treatment wetland systems, they can be described by relatively uncomplicated equations. Different mathematical models were used to study the process kinetics of the nitrogen removal, mainly first and second order reaction models. Kinetic models developed from different combinations of first-order, Monod kinetics as well as continuous stirred-tank reactor and plug flow patterns can be applied in the design of constructed wetlands for wastewater treatment.
Nitrogen removal in constructed wetlands

Processes and mechanisms
A number of processes transfer nitrogen compounds from one point to another in wetlands without resulting in a molecular transformation. These physical transfer processes include, but are not limited to the following: particulate settling and resuspension, diffusion of dissolved forms, plant translocation, litterfall, ammonia volatilization, and sorption of soluble nitrogen on substrates. In addition to the physical translocation of nitrogen compounds in wetlands, five principal processes transform nitrogen from one form to another: ammonification (mineralization), nitrification, denitrification, assimilation, and decomposition. Due to the low oxygen and organic matter concentration in the root-zone of subsurface flow constructed wetlands, which are limiting factors for nitrification and denitrification processes, a combination of partial nitrification and anaerobic ammonium oxidation has also been suggested as possible pathway for nitrogen removal in constructed wetlands. Because the Anammox process is autotrophic, the complete conversion of ammonium to nitrogen gas can take place without the addition of organic matter. A detailed understanding of these nitrogen transfer and transformation processes is important for understanding wetland treatment systems [1, 10, 12, 17].
Role of plants in nitrogen removal
There are many effects of vegetation on nitrogen processing and removal in treatment wetlands. Firstly, the plant growth cycle seasonally stores and releases nitrogen, thus providing a "fly-wheel" effect for nitrogen removal time series. Moreover, stable residuals which are created and accreted in the wetlands contain nitrogen as part of their structure, and hence accretion represents a burial process for nitrogen. Another example is submersed litter and stems that provide surfaces on which microbes residue. These include nitrifiers and denitrifiers the right hand side of (7) becomes:
Design features
To estimate the surface area of the SSHF system (AHF) needed to reduce total nitrogen concentration to the target value using empirically determined first-order degradation rate constant (KTN) and background TN concentrations, following equation shall be used: 
where HRT and K are in days, n is the porosity and (n/(1-n)) 3 is an expression entering many formulas predicting hydraulic conductivities in porous media. The hyperbolic equation above combines zero and first order kinetics, as this is considered most handy for design of wetlands [1]. 
Models based on Monod and multiple
The kinetic coefficients (derived from Monod/ multiple Monod kinetics) tend to increase with pollutant loading, indicating that the coefficients may vary based on different factors, such as influent pollutant concentration, hydraulic loading, and water depth [ With a slight change in the k coefficient at lower temperature (10 °C), a greater reduction in BOD concentration occurs than at 20 °C. This confirms that when θ < 1and at lower temperatures, the reaction rates increase.
Summary
First-order, area-based nitrogen loss models provide a suitable method for design of wetland treatment systems in most circumstances. These have the advantage of correctly describing internal phenomena in flow through wetlands, as well as describing batch wetland operation. Studies on side-by-side wetlands confirm the effects of the principal variables of inlet concentrations and hydraulic loading rates (or the equivalent detention times). The parent mass balance equation for water movement may be adjusted to fit extreme environmental conditions of precipitation or evapotranspiration. The rate equations account for return fluxes from the wetland biomass, and thus can fit the entire range of hydraulic loadings. In parameter estimation, the sequential nature of the nitrogen transformations cannot be ignored.
